In this work standard industrial processing equipment, the torque mixer and twin screw extruder, are used to measure the melt flow of several titanium metal powder feedstocks. The study was to determine whether test data from specialised rheology equipment might be reproduced with standard processing equipment used by the MIM industry. Considering the wide range of flow defects possible with MIM there is a valid assumption that flow behaviour measurement will be better represented by a number of processes, especially those most representative of the injection moulding process. In this study process data was collected and analysed based on mixing torque, screw work, specific mechanical energy and viscosity. Viscosity was further calculated relative to (L/D) ratio and strain rates during extrusion. Subsequently the data was compared with viscosity values from a capillary rheometer both without, and with, account for end effects and slip. The results showed that all the techniques provide similar ranking for the feedstocks with regard to melt flow during processing. The results also showed an inversion of the ranking where the shear rate increased from (1000 to 5000) s -1 as a result of shear sensitivity. The agreement of results from the different techniques clearly show that conventional processing equipment may provide valid feedstock assessment. The results if not definitive will provide good comparative measure where upper and lower bounds can be determined.
Introduction
As with many manufacturing processes metal injection moulding (MIM) comprises a series of stages for successful product fabrication. Considered in four main stages the MIM process is comprised of;
• feedstock formulation • injection moulding • debinding • and final consolidation.
This study is focused on the formulation and moulding stages of fabrication. The feedstock formulation is essential for success with the subsequent moulding to give required part shape. In this work a feedstock binder, produced of water soluble polyethylene glycol, carnauba wax and bees wax was used [1] . The components suitable for ferrous metals have shown low residual levels after debinding [2] [3] [4] . The noticeable difference is use of compatiblisers, stabilisers and wetting agents to improve strength of the interface between metal powders and binder components as well as between the binder components themselves. The author considers interfacial strengthening detrimental to the MIM process and the redundant nature of the binder (thermoplastic) in the final processing dictates the need for minimal interfacial strength.
Powder loading (50 to 70% by volume) to form feedstock increases the melt flow resistance of the binder. It is therefore important that flow properties can be measured and the ability to measure batch to batch variations on an ongoing basis is essential. Likewise the use of regrind is an essential economic requirement for MIM and as such assessment of the regrind blend flow properties are needed prior to moulding to ensure consistency of product.
Park et.al reports the use of torque rheometer to determine critical solid loading when mixing and viscosity measurement using the capillary rheometer [5] . They also cite the use of the moldability index based on reference viscosity at 160 °C and shear rate 2000 s -1 with higher values giving better rheological properties. Larsen et.al proposed a model to give equivalent viscosity value which accounts for solid loading, shear rate, temperature and particle size [6] . Hidalgo et.al used capillary rheometer and recognized the complex nature of two phase fluids such as multiphase binders but made no comparison between extrusion in the capillary, the mixing action in the extrusion screw and flow into and about the injection moulding system [7] . The limitations of the capillary are recognized by Hausnerova with a review of rheological measurement but only presented models to account for slip and the combined interactions of the feedstock [8] .
Considering the wide range of flow defects possible there is a valid assumption that expects measurement of the behaviour to be better represented by a number of measurement processes, especially those representative of the injection moulding process. Defects due to flow separation can manifest during injection moulding however these effects are not seen with capillary measurement even though separation may also occur at low pressures [9] . Similarly for MIM, high powder loading may prove difficult to mould with inconsistent flow and separation of the powder and binder producing defects due to non-uniform density distribution. Separation can also occur with low powder loadings producing weak parts susceptible to deformation. Weak green parts are also a result of low strength binder, and particles in the brown part not having the required proximity for mechanical interlocking. Optimisation will have the added benefit of a focus to reduce disruption to the particle arrangement due to the higher expansion rates of the binder components [10] .
Experimental
To address deficiencies of measurement processes in relation to MIM feedstock several formulations were tested using the following empirical selection process. The process was comprised of a series of testing methods representative of the injection moulding process. The processes used are, batch mixing, twinscrew extrusion, extrusion capillary and capillary rheometry. with an aim to analyse and compare the data from the standardised industrial processing equipment and the capillary rheometer instrument developed especially for materials characterisation.
Materials
Binder; COTENE™ 3901 linear low density polyethylene copolymer (LLDPE). Icorene® PPCO14RM polypropylene copolymer (PP). Carbowax™ 8000 polyethylene glycol (PEG8). Merck polyethylene glycol 20000 (PEG20). Copernica cerifera carnauba wax (CW). White beeswax (BW).
Powder; Titanium 6Al -4V alloy (HDH) powder (Ti64).
Equipment
Batch mixer instrumented with Kistler torque sensor (τ = (0 to 100) Nm), counter rotating roller rotors (ω = (0 to 80) r/min) and temperature controlled chamber (T = (25 to 250) °C,.
A ThermoPrism co-rotating twin screw extruder (TSE16), co-rotating twin screws, temperature control over four heating zones (D = 16 mm, L/D = 24, ω = (0 to 250) r/min, t = (25 to 300 °C).
Differential thermal analysis (DTA) and thermal gravimetric analysis (TGA) were completed using the simultaneous scanning differential thermometer (TA instruments SDT2960).
An extrusion capillary set designed and made by the author (Ewart 2015) with round capillaries adapted to connect to the TSE16 extruder and heated lengthwise ( Figure 1 , Table 1 ).
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Titanium Powder Metallurgy and Additive Manufacturing The Shimadzu CFT-500D flow tester capillary rheometer. (T = (30 to 400) °C, p = (0.49 to 49.03) MPa, η = (8 × 10 -1 to 1 × 10 6 ) Pa.s) and version 3.02 Shimadzu CFT application software.
Methodology
Six binders were formulated using the component ratios shown in Table 2 . The intention was reduce polymer content and minimise the later formation of residues with high thermal resistance, while maintaining the integrity of the green part. The BW, CW, LLDPE, PEG8, PEG20 and PP were analysed individually, using DTA and TGA and the data used to determine appropriate mixing conditions. The thermal event values required for binder assessment were taken from the individual SDT plots of each component. A sample plot shown here in Figure 2 indicates the location on the curve where the tabled values are taken from. Compounding was done in the batch mixer preheated (T = 120 °C) with the batched components slowly added to the mixing chamber as it rotated (ω = 50 r/min). The temperature was increased to 170 °C for 10 min before the temperature was shut off and the mixer ran until the temperature was below 60 °C (melt temp. for BW). The compounded formulations were granulated into a consistent size feedstock.
The shear rate at the rotor was determined (̇ = 94.5 s -1 ) using equation (1):
̇ = shear rate (s -1 ), d = rotor diameter (37.9 mm), h = distance between rotor and wall (1.05 mm), ω = speed of rotor (50 r/min).
Process ability measurement used the extrusion capillaries (A to C) and parameters in Table 1 . Each feedstock was extruded, the extrudate was collected at one minute intervals and weighed. During extrusion the monitored processing variables were: screw load torque (T), capillary entry pressure (p) and extrudate mass flow rate (ṁ). The shear rate at the wall for the extrusion capillaries was determined as:
Comparison of the processing variables was made by plotting the work done on the screw (WD), the mechanical energy transfer (SME) and the apparent viscosity (η a ), with respect to each capillary. The values were calculated using the respective formulae relative to the L/D ratio of the capillaries, the shear stress and shear rate [11] . 
With:
η a = apparent viscosity (Pa.s), τ a = apparent shear stress (Pa) and γ a = apparent shear rate (s -1 ) as above in Eq.(2).
The Shimadsu capillary rheometer compared each of the feedstock for varying shear rate and shear stress. The feedstock (m = (2 to 3) g) was loaded into the capillary cylinder for preheating (T = 170 °C, t = 180 s) before being extruded using the loads and die configurations according to Table 3 . 
The data was collected with the Shimadzu CFT application software and viscosity corrections made using the Bagley plot method [12] . Account for capillary entry and exit effects (or boundary effects) where made using multiple die configurations.
Results and Discussion

Binder assessment
The endothermic peaks from SDT ( Figure 2 ) determined minimum mixing temperature of 168 °C. Considering a weight loss of 5 % to indicate onset of degradation the maximum mixing temperature (T d = 185 °C) was set by the PEG8 component from the TGA analysis ( Figure 2 , Table 4 ). Decomposition onset and decomposition rates are important indicators for thermal processing and help determine removal during thermal debinding. The broad range of melt and decomposition temperatures (Table 4) will minimise disruption of the particles in the compact during TD [4, 5] . The atmosphere and pressure also affects the onset of decomposition, decomposition rate and the ability to completely remove the binder [13] .
Feedstock melt flow
The upper critical powder fraction for irregular shaped particles (Ф P = (0.63 to 0.66)) is the point at which binder will no longer fill the spaces about the particles. The optimum loading is considered (2 to 5) % lower than this with excess binder necessary to support flow, but will depend on particle size and particle size distribution [2, 5] . Higher metal fraction is ideal but still requires particle encapsulation to reduce viscosity with sufficient slip between the particles, mould walls and machine surfaces.
The literature does not agree on use of the torque rheometer to produce viscosity data due to the irregular three dimensional flow created by the rotor geometries [14] . However by using the relationship between the torque on the rotors and the feedstock response evaluation of the processing behaviour was possible [15] .
The mixing torque and process duration (Table 5 ) indicated the complex interactions between the components as a result of the varying range of molecular weights of the six binder formulations ( Table 2 ). The feedstocks had the same powder and the same powder loading as the control but mixing duration (b) was longer by (2 to 4) times and had a lower end torque (d) after mixing. The feedstock with the lowest torque at end of mixing was FS5 then FS3, both had higher wax content (Ф w = 0.5). a) time to maximum torque relative to the steady state, b) time from peak torque to steady state, c) change in torque during time b), and d) torque approaching steady state.
The mixing processes are well defined and readily related to theories of wetting, distribution, dispersion and homogenization [16] [17] [18] , however with multi-component systems they overlap and the theories become difficult to apply [19] . The major influence on mixing rheology was the flow characteristics of the powder so by using the same powder and powder loading the effect of each binder was studied. The immiscible nature of the binder system saw the predominant mechanism for mixing the feedstock to be distributive. The combination of heat and the shear forces of the mixing blades changed the binder components from their starting form of powders, granules and flakes, into increasingly smaller domains and redistributed them until uniformity was reached. The mixing mechanism for feedstock (1 to 6) began the same, with wetting, distribution and homogenisation. Due to miscibility of similar components, when the domains were sufficiently small dispersive forces and molecular diffusion occurred. The longer mixing times were attributed to diffusion, which is a slower process, due to the interaction of miscible molecular units and the osmotic pressures which are typically low. Dispersive mixing also ensured that non-uniform regions due to the binder components in their starting forms (particles, aggregates, agglomerates) within the bulk powder was minimised. The distributive forces are attributed to the insoluble titanium powders that were not subject to domain or phase changes.
The feedstocks were extruded through the capillaries with capillary pressure, screw torque and mass flow for a single pass presented (Table 6 ). Low pressure, low screw torque and high mass flow represented optimum moulding condition based on the energy required to process the feedstock into a suitable strand.
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Titanium Powder Metallurgy and Additive Manufacturing Table 6 . Processing values from the extrusion capillary trials. The melt flow properties are not the only consideration; the feedstock must retain homogeneity of the binder and uniformity of particle distribution during moulding. The capillary extrusion data allowed a comparative assessment of the melt flow characteristics. Other criteria considered include the form of the feedstock strand after extrusion. Fluids with lower viscosity may flow more readily than a feedstock melt however, the ability to retain shape is critical. The high wax content (FS5) had the lowest steady state mixing torque but the extrudate strength was low and strand formation poor.
The extrudate data (Table 6 ) allows comparison to be made based on the influence of the different capillaries by three methods. The torsional work done by the screw in relation to the L/D ratio was mostly linear, but changing the component ratios affected the slope of the line (Eq (3), Figure 3 ). FS1 required more work to process while FS6 (higher PEG ratio) showed the lowest values in agreement with the ability of PEG to reduce the flow resistance within the feedstock. To account for component interactions and mass flow rate of the feedstock during extrusion, the specific mechanical energy (SME) was determined (Eq (4)). SME describes the mechanical energy transferred to the feedstock during extrusion based on the ratio of the maximum output energy of the extruder to the energy input required to extrude the feedstock [20] . The SME values (Figure 4 ) with respect to the capillary L/D was based on data from Table 6 . The SME plot (Figure 4) provided similar results to the WD plot (Figure 3 ) with the input energy trending down from FS(1 to 6). Lower SME was seen for FS6 in the L/D = (30 and 50) regions while FS3 and FS5 were lower for the L/D = 100 capillary. Both the SME and the work done correspond to flow resistance or apparent viscosity of the feedstock and showed that as the amount of PEG increased the energy to extrude reduced. This corresponds to an improvement in component interactions as PEG ensured the particles were well wetted thereby reducing the internal friction.
In order to ensure melt flow of the feedstocks was assessed in sufficient depth, account was taken of shear rate and subsequent shear stresses. The capillaries used were < 200 L/D and so the results were not considered to be true shear stress and shear rate values. Therefore, only apparent values for shear stress and shear rate could be calculated with the viscosity values also apparent (Eq (5), Figure  5 ). The results were in agreement with literature showing higher viscosity through the large diameter (lower L/D) capillary. This higher resistance to flow is primarily due to a higher number of particle to particle interactions. The greater resistance is due to two mechanisms, firstly, the particle surface and secondly, the required directional changes when one particle moves past an adjacent particle. This is mitigated somewhat with the binder encapsulating each particle but the overall effect is greater than shown in the small diameter where the resistance to flow at the capillary wall is less.
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Also in support of this is the theory which shows that viscosity may be determined from the shear stress/shear strain relationship as in Eq.(5 to 6). The approach taken here calculated the apparent shear rate for the three capillaries and used the values in place of the L/D values (Eq (5), Figure 6 ). There was no account for end effects, slip or temperature dependence of the feedstock however, the moulding temperature was considered critical. The results were similar to the WD and SME. FS1 showed the highest overall viscosity and FS6 the lowest. FS6 showed improved flow properties for this test compared to FS(2 to 5), due to the greater PEG content. Figure 6 . Viscosity data from extrusion capillary testing with no account for end effects or slip.
To account for the range of shear rate and shear stress during moulding, the capillary rheometer is used but must include a range of die, temperature and rate tests. Unlike the screw extrusion capillary system, binder residue was seen on the plunger and die faces; also feedstock remained in the barrel after testing.
The data from the constant temperature testing gave the apparent viscosity and shear rate plots for all feedstocks ( Figure 7 ). All formulations showed shear-thinning behaviour over the given range of testing. FS6 showed the lowest zero shear rate viscosity and the highest shear rate sensitivity was for FS1. A distinct inversion point (̇ = 2000 s -1 ) showed due to shear rate sensitivity at higher shear values.
Figure 7.
Data from capillary rheometer testing with no account for end effects or slip.
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Correction for pressure losses (capillary end effects) and slip at the wall was made using the Shimadzu CFT software based on the test results with the different capillaries and extrusion pressures. The corrected values gave the true viscosity shear rate curves with the trend lines extrapolated based on the power law. The data point spread for the individual tests showed instabilities in testing, a result of the segregation during pre-heating and likely the inconsistencies of irregular powders. FS2 showed the best fit of data with FS3 having the greatest shear rate sensitivity. FS5 and FS6 were similar and had the lowest zero shear viscosity values. True viscosity and shear rate were compared (Figure 8 ) with similar flow behaviour seen for FS5 and FS6. The corrected data still showed inversion in the viscosity rankings due to shear sensitivity but was not as clearly defined as the raw data. There is often a disjoint between university lead research and the investigations required by industry. The results from many experimental projects accepted by academia to be valid and contributing to the advancement of science have little baring on commercial endeavours. While it is the technologists role to interpret academic findings and apply high level data to commercial activity, where fundamental concepts do not link through all levels of experimentation what may be theoretically valid will be costly and time consuming to industry.
Conclusion
The use of several rheology techniques for assessment of titanium metal powder feedstocks was completed in an effort to determine how data from academic research might be readily adapted by the MIM industry. The data was based on mixing torque, screw work, specific mechanical energy and viscosity calculated relative to (L/D) ratio during extrusion. Compared with viscosity data from capillary rheometer both without and with account for end effects and slip. The results showed that all the techniques provide similar ranking for the feedstocks with regard to melt flow during processing. The results also showed an inversion of the ranking where the shear rate increased from (1000 to 5000) s -1 as a result of shear sensitivity. The agreement of results from the different techniques clearly show that even simple processing equipment may provide valid feedstock assessment. The results if not definitive can at least provide good comparative measure where upper and lower bounds can be determined.
